Abstract: As a consequence of global warming, additional areas will become ice-free and subject to weathering and soil formation. The most evident soil changes in the Alps will occur in proglacial areas where young soils will continuously develop due to glacier retreat. Little is known about the initial stages of weathering and soil formation, i.e. during the first decades of soil genesis. In this study, we investigated clay minerals formation during a time span 0-150 years in the proglacial area of Morteratsch (Swiss Alps). The soils developed on granitic till and were Lithic Leptosols. Mineralogical measurements of the clay (< 2 m) and fine silt fraction (2-32 m) were carried out using XRD (X-ray Diffraction) and DRIFT (Diffuse Reflectance Infrared Fourier Transform). Fast formation and transformation mechanisms were measured in the clay fraction. The decreasing proportion of trioctahedral phases with time confirmed active chemical weathering. Since the start of soil formation, smectite was actively formed. Some smectite (low charge) and vermiculite (high charge) was however already present in the parent material. Main source of smectite formation was biotite, hornblende and probably plagioclase. Furthermore, irregularly and regularly interstratified clay minerals (mica-HIV or mica-vermiculite) were formed immediately after the start of moraine exposure to weathering. In addition, hydroxy-interlayered smectite (HIS) as a transitory weathering product from mica to smectite was detected. Furthermore, since the start of soil evolution, kaolinite was progressively formed. In the silt fraction, only little changes could be detected; i.e. some formation of an interstratified mica-HIV or mica-vermiculite phase. The detected clay mineral formation and transformation mechanisms within this short time span confirmed the high reactivity of freshly exposed sediments, even in a cryic environment. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 
-2 -The decreasing proportion of trioctahedral phases with time confirmed active chemical 27 weathering. Since the start of soil formation, smectite was actively formed. Some smectite (low 28 charge) and vermiculite (high charge) was however already present in the parent material. Main 29 source of smectite formation was biotite, hornblende and probably plagioclase. Furthermore, 30 irregularly and regularly interstratified clay minerals (mica-HIV or mica-vermiculite) were 31 formed immediately after the start of moraine exposure to weathering. In addition, hydroxy-32 interlayered smectite (HIS) as a transitory weathering product from mica to smectite was 33 detected. Furthermore, since the start of soil evolution, kaolinite was progressively formed. In 34 the silt fraction, only little changes could be detected;; i.e. some formation of an interstratified 35 mica-HIV or mica-vermiculite phase. 36
The detected clay mineral formation and transformation mechanisms within this short time span 37 confirmed the high reactivity of freshly exposed sediments, even in a cryic environment. 38 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 measured higher biotite weathering rates in young soils (< 100 years) of a proglacial area than in 71 old soils (11000 years). 72
Furthermore, two different kinds of soil production functions are discussed in literature 73 (Humphreys and Wilkinson, 2007) . Soil evolution and, consequently, weathering can be 74 modelled using a humped or an exponential function. With a humped function, soil production 75 and weathering is maximised at a certain soil depth or time (Gilbert, 1877;; Cox, 1980;; Anderson, 76 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 -4 -2007). According to these studies, production and weathering exponentially decreases with time. 79 A challenge is now to test the applicability of the existing two soil production functions and as 80 yet unknown forms to different kinds of situations. 81
A main gap in knowledge exists about the velocity of (clay) mineral transformations or 82 formations in soils or material starting to be a soil in high alpine and arctic climate zones. highest formation rates of clay minerals (especially smectite) or transformation rates of primary 85 sheet silicates should be greatest at the very beginning of soil formation. There exist, however, 86 almost no measurements for this stage of weathering or soil formation (with ages of 0 - 150 yrs) 87 and especially related to clay mineralogical formations and transformations. The main goals of 88 this study were consequently: i) can we detect changes in the clay mineralogy already after 150 89 years of soil formation in a cryic environment? ii) and if yes, can changes be attributed to 90 specific formation and transformation processes? Consequently, we focused on the identification 91 of clay mineral formation and transformation reaction mechanisms in a proglacial area having 92 very young soils. Although mineral transformation reactions are often reported to be slow and 93 almost undetectable in alpine and young areas, we hypothesised that also within a very short 94 period of weathering changes in the clay mineralogy could be detected and assigned to 95 transformation mechanisms. Based on this hypothesis, we want to demonstrate that alpine and 96 cryic environments are highly reactive. 97 98 99
Study area 100
The proglacia area of Morteratsch is located in Upper Engadine, SE Switzerland (Fig. 1) . The 101 valley runs in N-S direction and the current length of the exposed area is approx. 3 km. The 102 glacier is continuously retreating without re-advancements since the 1850s (end  of  the  Little  Ice1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 -5 -the investigated area. The altitude of the investigated proglacial valley ranges from 1900 m asl to 105 approx 2150 m asl, with no abrupt stacks and slopes along its main axis. The glacial till consists 106 of granite and gneissic material (Table 1) . The morainic material was produced through glacial 107 transport within a small area of relatively homogeneous parent material. 108
Geologically, the proglacial area of Morteratsch is set in the Lower Austroalpine Bernina Nappe, 109 which is mainly constituted by plutonic rock types, such as granodiorites and diorites, syenites 110 and alkali-granites. Accessory rocks such as dolomites, gabbros and serpentines are also 
Soil sampling 136
10 topsoil (uppermost, mineral horizon) samples were collected across the proglacial area of 137 Morteratsch (Fig.  1) . The sites were chosen from an existing soil chronosequence ranging from 0 138 150 yr old soils ( Table  2 ). Approximately 1 2 kg of material was collected per sample. 139 140
Typical soil characteristics 141
Soil pH was measured in 0.01 M CaCl 2 using a soil solution ratio of 1:2.5. The particle size 142 distribution was determined on some selected soil samples. After a pre-treatment of the samples 143 with H 2 O 2 (3%), particle size distribution of the soils was measured by a combined method 144 consisting of sieving the coarser particles (32 2000 µm) and the measurement of the finer 145 particles (< 32 µm) by means of an X-ray-sedimentometer (SediGraph 5100). The weight 146 proportion of soil skeleton was determined by sieving the bulk soil material (2 mm sieve). 147 148
Fractionation of the clay (< 2 m) and fine silt fraction (2-32 m) 149
The clay fraction (< 2 m) was collected from the parent material (averaged from the parent 150 material of 6 monitored sites and one sample of freshly exposed subglacial sediment, collected at 151 the glacier front) and 6 topsoils (that were representative for the selected chronosequence;; sites 152 S1, S3, S6, S7, S8, S10;; see Table  2 ), i.e. the uppermost mineral horizon, and was analysed in 153 detail. To separate the clay fraction ( 2 m), the fine earth samples (< 2 mm) were pre-treated at 154 room temperature with diluted and Na-acetate buffered (pH 5) H 2 O 2 to remove organic matter. Textured specimens, prepared by sedimentation on glass slides from a water suspension, were 162 analysed using a 3-kW Rigaku D/MAX III C diffractometer, equipped with a horizontal 163 goniometer and a graphite monochromator, using Cu--scanned 164 from 2 to 15°2 with steps of 0.02°2 and 2 seconds counting time. The measurements were 165 carried out after the following treatments were performed: Mg-saturation, ethylene glycol 166 solvation and K saturation, followed by heating for 2 hours at 335°C and 550°C. 167
In a further step, the Na-citrate treatment (modified after Tamura, 1958 ) was performed to 168 extract hydroxy-Al (or Fe) polymers from the interlayers of 2:1 clay minerals to check whether 169 HIS (hydroxy-interlayered smectites) or HIV (hydroxy-interlayered vermiculites) were present. 170
The citrate treatment enabled us to infer the presence of low-charged 2:1 clay minerals, whose 171 expansion was hindered in the untreated state by interlayered polymers. After this treatment, HIS 172 173 applied in a modified form in which a contact time of 24 h without extractant removal was 174 obtained by heating the samples in an autoclave at 135°C. After the Na-citrate procedure, the 175 samples were Mg-saturated, ethylene glycol solvated and K saturated, followed by heating for 2 176 hours at 335°C and 550°C. XRD patterns of the treated samples were then compared with those 177 of the corresponding untreated samples. 178
The d(060) region of sheet silicates was studied on random mounts. The 58 to 64°2 range was 179 step-scanned with steps of 0.02°2 at 10 seconds counting time using a Bragg-Brentano 180 compensating slits and graphite -8 -typical for quartz, was then compared to the one at 0.1542 nm, whose intensity is the same 183 (Moore and Reynolds, 1997). Layer-charge estimation of smectites was performed using the 184 long-chain alkylammonium ion C18 (and C12) according to the method proposed by Olis et al. 185 (1990) . 186
For the monolayer to bilayer transition, the following equation was used: 187
C18:
d ( 
X-ray diffraction analyses of the fine-silt fraction 193
The fine-silt fraction (32 2 m) of the parent material (t = 0 yr) and the oldest topsoil (t = 138 
15°2
buted to HIV (hydroxy interlayered vermiculites), smectite, vermiculite ,1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 -9 -mica, chlorite and kaolinite, were normalised to 100%. The relative change of the areas, with 209 respect to the treatments, enabled the above mineral phases to be distinguished. 
Diffused Reflectance Infrared Fourier Transform (DRIFT) 222
When chlorite was found using XRD, the presence of kaolinite was checked with FT-IR 223 (Brooker Optics, Tensor 27) analysis (OH-stretching bands near 3690 cm -1 ). About 10 mg of 224 clay material and 350 mg of KBr were homogenised in a mill using a fine ball-mill (Zr) for 45 s 225 (frequency 25.0). Prior to measurement, the samples were dried in the oven at 70°C. Spectra 226 were recorded from 4000 to 250 cm -1 . The evaluation of FT-IR spectra was performed using 227 OPUS 6 software. 228 229 230 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 -10 -0.71 nm (Fig.  2) . Small peaks were detectable at 1.64 and 0.64 nm. Mg-and K-saturation and the 235 subsequent heating treatments allowed the identification of chlorite (1.42 nm, after heating at 236 550°C), some hydroxy-interlayered vermiculite (HIV) and interstratified mica-HIV having 237 chloritic layers. According to Ezzaïm et al. (1999) and Turpault et al. (2008) , the peaks persisting 238 at 1.23 nm after heating at 550°C can be attributed to chloritic layers in the mica-HIV phase. 239
Results

232
Already in the parent material (t = 0 yr;; freshly exposed sediment), a small amount of smectite 240 could be detected (1.64 nm following ethylene glycol solvation). The peaks at 0.64 nm and 0.85 241 nm could be attributed to plagioclase and amphibole, respectively. Some kaolinite was also 242 identified by the peak at 0.71 nm, as confirmed by DRIFT (Fig.  3) . 243
In the sample having an age of 48 years, the same minerals described above were detected. 244
Nonetheless, some smaller changes in the clay mineral assemblage could be measured already 245 after 48 yr of weathering (Fig.  4) . Smectite (1.61 nm) became more significant than in the parent 246 material. Furthermore, the amount of interstratified mica-HIV increased. Also mica started to 247 transform shown by the broader peak at 0.99 nm (with a minor peak at 1.03 nm). In addition, The clay mineralogy after 58 yr of weathering was similar to that of the previously-described 252 soil, except for the slightly broader peak at 1.00 nm. This shows that weathering of mica 253 progressively continues (with the formation of some mixed-layered minerals). An expandable 254 mineral with a d-spacing of 1.57 nm in the EG-solvated sample indicated some interstratification 255 of smectite with a high-charged (smectite-vermiculite or smectite-mica) or even low-charged 256
component (smectite-HIS). 257
Mg-saturated and EG-solvated clay samples from the soil having an age of 78 yr exhibited XRD 258 patterns with peaks centred at 2.43, 2.10, 1.67, 1.42, 1.23, 1.00, 0.85 and 0.71 nm (Fig. 4) . The1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 -11 -attributed to a regularly-interstratified mica-HIV (or mica-HIS) and/or mica-vermiculite 261 (hydrobiotite). Additionally, the basal reflections at 2.10 and 1.04 nm pointed to a newly-formed, 262 regularly-interstratified mica-HIV with a high proportion of mica. Some smectite was also 263 present (1.67 nm) and was not interstratified anymore. 264
After 108 years of soil evolution, smectite was even better detectable. Also in this sample, could be detected. In this older sample, the peak at 1.00 nm increased now substantially after K-269 saturation which is typical for the presence of vermiculite. 270
The clay mineral assemblage of the oldest soil (138 yr) was similar to that of the previously-271 described one. Smectite, regularly-interstratified mica-HIV and /or mica-vermiculite, 272 vermiculite, kaolinite, chlorite, an interstratified mica-HIV (or mica-chlorite) having a high 273 proportion of chloritic layers, mica, amphibole and plagioclase were measured. The proportion 274 of smectite and weathered mica (interstratified mica-HIV or mica-vermiculite with a high 275 proportion of mica) steadily increased. Compared to the parent material, more kaolinite could be 276 measured (Fig. 3) . 277 278
Na-citrate treatment of the clay fraction 279
Hydroxy interlayers hinder the collapse of expandable 2:1 phyllosilicates when K-saturated and 280 the expansion of low-charge expandable minerals when EG-solvated (Barnhisel and Bertsch, 281 1989; Karathanasis, 1988). Citrate treatment was effective in removing the hydroxy interlayers 282 from 2:1 phyllosilicates (Table 3) . In all samples, a better resolved and clearer peak near 1.65 nm 283 was now detected (Fig. 5) . Consequently, all samples contained to a certain degree hydroxy-284 interlayered smectite (HIS). The peaks at very low angles (< 5° 2 ) and also between 1.00 and 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 
The Na-citrate treatment clearly showed that additional smectitic phases were formed 288 immediately after exposure to weathering. Remarkable changes occurred already between 0 and 289 48 yr of soil evolution. The general trend of the smectitic components showed a steady increase 290 with time. 291 292
Trioctahedral and dioctahedral phases 293
The evaluation of XRD patterns in the d 060 region of phyllosilicates (58 64° 2 region) 294 confirmed the presence of both trioctahedral and dioctahedral phases in the parent material (Fig.  295 6). The XRD pattern fitting enabled the separation of diagnostic peaks. After 78 yr, the trioctahedral range already showed a smaller area (Fig.  6) . The peak assigned to 304 biotite (0.1536 nm) was smaller than in the parent material. A similar trend was measured for 305 chlorite (0.1547 nm). Although not steadily, the contribution of the peak near 0.1495 nm 306 (kaolinite) seemed to increase with time. The oldest topsoil (t = 138 yr) was characterised by a further decrease of the trioctahedral species 308 (Fig.  6) . In contrast to that, the dioctahedral range showed a relative increase. 309 310 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 Figure  7 . Generally, the bands associated with 313 hydroxyl groups can be discriminated from each other, and band assignment is straightforward. 314 usually shows values close to c. 700 cm -1 (Wilson, 1994) . The peak at 748 cm -1 was attributed to 321 vermiculite (Wilson, 1994) and was detected in both samples. In the OH-stretching region, additional evidences of mineralogical transformations were detected 333 (Fig. 3) . A weak band observed at circa 3618 cm -1 in the oldest topsoil was related to Al in 334 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 -14 -339
Mean layer-charge estimation 340
In general, the C18 treatment showed well-developed low charged phyllosilicates with a mean 341 layer-charge value per half unit cell ( ) ranging from 0.27 to 0.40 in the surface horizons of the 342 investigated soils (Fig. 8) . 343
Low-charged phyllosilicates (with = 0.28 per half unit cell) were detected in the parent 344 material (t = 0 yr) and across the selected chronosequence (Fig.  8) . High-charged phyllosilicates 345 ( > 0.75) were also measured. They were partially attributed to geologically inherited smectite 346 and vermiculite (Arocena et al., 1994), respectively. The attribution of the source parent mineral 347 can be performed after a peak splitting procedure. The peak representing low charges ( < 0.6) 348 could be separated into several smaller peaks. In addition to the very low charge near 0.28, 349 charges in the range of = 0.34-0.40 could be detected.
351
Silt fraction 352
The XRD pattern of the fine silt fraction did not reveal major transformation reactions. The peak 353 at 0.99 nm (Fig.  9) shows some weak reflections near 1.02 nm in the oldest soil. This is related to 354 the initial formation of an interstratification within mica. The basal reflection at 1.40 nm seemed 355 to be slightly lower in the oldest sample. This decrease is hypothesised to be due to a weak 356 weathering of chlorite. All other detectable phyllosilicates seemed to be unaffected by the 357 weathering process within the investigated time range. 358 359 360
Discussion 361
Chemical weathering led already within 138 years to traceable formations and transformations of 362 clay-sized phyllosilicates in the investigated proglacial area. An undisturbed and relatively fast 363 soil evolution was measured. A very small amount of smectite was detected already in the parent 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 -15 -material. This presence might be due to hydrothermal formation or rock-water interactions that 365 (Fig.  10) . Furthermore, the 375 relative concentrations of smectite and vermiculite were negatively correlated to the amount of 376 biotite (Fig.  11) . Smectites developed from trioctahedral mica which weathered in a first step to 377 regularly or irregularly interstratified 2:1 clay minerals (hydrobiotite or HIV-mica). Hot citrate 378 treatment allowed the detection of hydroxy-interlayered low-charge expandable minerals (HIS). 379 HIS was mostly a transitory product in the weathering chain of chlorite or mica to smectite 380 transformation (Fig.  8) . HIS did not seem to be intercalated with other mineral phases. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 -16 -Noteworthy is the behaviour of kaolinite. In the dioctahedral range, the diagnostic peak was 391 already detectable in the parent material. The specific peak area increased with the duration of 392 pedogenesis. This finding is supported by the FT-IR measurements where an increase of the 393 bands typical for kaolinite could be observed. Consequently, active kaolinite formation is already 394 possible within the first decades of pedogenesis. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 driven by the production of complexing organic acids during the decomposition of the pine-437 needle litter. These induced a rapid acidification and subsequently clay-mineral transformation in 438 the sandy, poorly buffered parent material. 439
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